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Crystallization and sintering, which occur during firing, during the production of strontium-anortite glass ce¬ 
ramics by means of powder metallurgy are studied. It is shown that the dispersity of the initial glass powder 
and the temperature-time firing regimes affect the crystallization temperature and heat, the nature of the pre¬ 
cipitating phases and the sintering temperature interval and kinetics of the particles. It is determined that for 
ceramizing glass compositions there exists a narrow powder dispersity interval in which densely sintered ma¬ 
terials with the required composition and high mechanical properties can be obtained using multistep 
heat-treatment. 
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In recent years interest in barium- and strontium-alumi¬ 
num silicate glass ceramics has increased in Russia and 
abroad. A review of scientific-technical data and patents 
shows that glass ceramics of this type are promising for use 
as substrates for electronics, in the preparation of radioparent 
articles, and as matrices for high-temperature composite ma¬ 
terials. A great deal of attention is being devoted to glass ce¬ 
ramics in the system Sr0-Al 2 0 3 -Si0 2 . This is because stron¬ 
tium-aluminum silicate glasses have high softening tempera¬ 
tures t (700 - 800°C) while the principal phase crystallizing 
in this system (monoclinic strontium anortite SrAl 2 Si 2 0 8 ) 
possesses together with low dielectric properties (s and tan 5), 
a high melting point (1719°C), good mechanical properties 
(E = 100 GPa, a bend = 100 - 120 MPa) and quite low CLTE 
(26-48) x 10“ 7 K“ 1 [6]. 

Glass ceramic materials are successfully made using 
conventional glass methods and developing ceramic (pow¬ 
der) technologies. Powder technology makes it possible to 
use as the initial glass crystallizing glasses with an extremely 
wide range of compositions, including compositions that are 
unsuitable for use with the classical method — high-visco¬ 
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sity, “short” and with very low and very high crystallizabi- 
lity. In most cases the sintered materials acquire a uniform 
microcrystalline structure with a high content of a mineral 
phase. In addition, compared with the classical technology 
the physical-chemical properties of the material obtained are 
more stable and reproducible. 

One of the most important stages in obtaining glass ce¬ 
ramic materials by powder technology is the sintering stage. 
The driving force of the sintering process is the excess sur¬ 
face energy of the particles. Sintering of glass powders is a 
liquid-phase process; it is described by the mechanism of 
viscous flow, and in general it is comprised of two stages. At 
the initial stage the particles of glass soften and converge on 
one another forming contacts in the process. This stage con¬ 
tinues until the relative density of the green part is 80%; in 
the literature it is usually described by Frenkel’s model, re¬ 
ferring to an isothermal process and spherical particles of 
identical size. At the final stage a transition occurs from 
communicating to isolated pores in the material which subse¬ 
quently becomes overrun. The removal of isolated pores 
starts at density 90%. The Mackenzie-Shuttleworth model 
describes this stage; this model is limited to the analysis of 
isothermal compaction of monodisperse glass powder [7]. 

The sintering of glass crystallizing during heat-treatment 
is a more complex process. In addition, compaction and crys¬ 
tallization can occur successively or concurrently. A cluster 
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model describing compaction and crystallization which oc¬ 
cur in glass powders with a polydisperse distribution of ir¬ 
regularly shaped particles during nonisothermal heat-treat¬ 
ment is proposed in [8]. But even this model is far from rea¬ 
lity. This is especially exacerbated by the fact that sintering 
and crystallization compete with one another. As a result, a 
separate investigation is required for each type of glass pow¬ 
der in order to determine the parameters of the initial pow¬ 
ders and the firing conditions under which the material ob¬ 
tained sinters to the state with the highest possible density 
and crystallization occurs with the maximum precipitation 
of the crystalline phase determining the required working 
characteristics [9-13]. 

In 1980 - 1990, when sintered glass ceramics were first 
developed, the effect of many technological factors on sin¬ 
tering and crystallization of glass in aluminum-silicate sys¬ 
tems (spodumene, cordierite, pyroxene) was studied and de¬ 
finite regularities were found, but many of the results were 
inconsistent and even contradictory [14-16]. 

In this connection the objective of the present work is to 
study in greater detail the effect of the main technological pa¬ 
rameters — dispersity of the glass powder, rate of tempera¬ 
ture rise, temperature-time parameters of heat-treatment — 
on the sintering and crystallization of glass with strontium- 
anortite composition using new-generation apparatus (DSC, 
laser particle-size analyzer, high-temperature dilatometer) as 
well as to develop well-grounded recommendations for 
choosing the parameters for obtaining a high-density sintered 
glass ceramic material with the required crystalline phase 
that secures the required working characteristics. 

EXPERIMENTAL PROCEDURE 

A glass composition which was used as a base to obtain 
radioparent glass ceramic containing the following (wt.%) 
was chosen for the experiments on the basis of previous 
work [17]: 20 SrO, 30 A1 2 0 3 , 40 Si0 2 and 10 Ti0 2 . Titanium 
dioxide was used as a crystallization catalyst and to lower the 
glass synthesis temperature. Despite the recommendations 
made by in [16] concerning the possibility of decreasing the 
concentration of the crystallization catalyst for obtaining 
glass ceramics by powder technology, in the present case 
10% Ti0 2 is the optimal quantitative addition for which the 
glassmaking temperature does not exceed 1580 - 1600°C. 

The powders were obtained by grinding quenched glass. 
Strontium carbonate, alumina, quartz sand and rutile were 
used as the raw materials to prepare the batch. The glass was 
made in corundum crucibles at temperature 1600°C in an 
oxidative atmosphere followed by casting into water. The 
quenched glass was wet ground for 3 h in agate drums in a 
planetary mill. The powder obtained was separated on a vi¬ 
bratory screen, manufactured by the Netzsch company, into 
six fractions: 200 - 100, 100 - 70, 70 - 50, 50 - 20, 20-5 pm 
and < 5 pm. 


The fraction compositions of the powders and their spe¬ 
cific surface areas were determined by means of laser dif¬ 
fraction in Analysette 22 - NanoTec, MicroTec, Fritsch parti¬ 
cle-size analyzers. The bulk density was calculated as the ra¬ 
tio of the mass of the powder freely poured into a measuring 
cylinder to filling. 

The powders were pressed into 40 x 6 x 5 mm rods. A 
5% solution of polyvinyl alcohol was used as a temporary 
process binder. The pressing pressure was 100 MPa. To 
study the crystallization process in detail the materials were 
fired at 900, 1000, 1100 and 1350°C for 30 min with tempe¬ 
rature rise rate 5 K/min. 

A STA 449 C Jupiter - Netzsch thermal analyzer was 
used to study the physical-chemical processes occurring 
when glass powders are heated in the interval 20 - 1550°C. 
The crystallographic phases were determined by x-ray phase 
analysis (XPA) using a DRON-3M diffractometer; the identi¬ 
fication was made on the basis of the JCDFS electronic cata¬ 
log of diffraction patterns (Joint Committee on Powder Dif¬ 
fraction Standards). A DIL 402 PC - Netzsch high-tempera- 
ture horizontal dilatometer was used to study sintering, the 
criterion for which is the amount of shrinkage. The measure¬ 
ments were performed on samples in the form of small rods 
at least 20 mm long. To compare the DSC and dilatometry 
data, which contain information on crystallization and 
sintering of powders with different particle size, the same 
rate of heating 5 K/min was used. 

The hydrostatic weighing method was used to measure 
the porosity, density and water absorption of the fired sam¬ 
ples. A microprobe complex based on a Jeol JSM-6480LV 
scanning electron microscope was used to analyze the micro¬ 
structure of the materials. The professional, licensed SEM 
Control User Interface software was used to process the 
results. 

EXPERIMENTAL RESULTS 

The data from laser dispersion analysis of the experimen¬ 
tal fractions are presented in Fig. 1. It follows that the parti¬ 
cle shape is far from spherical and as the particle size de¬ 
creases, the dispersity of the powders increases. The results 
characterizing the dominant particle size, the specific surface 
area and the bulk density of the initial powders are presented 
in Table 1. It is evident that as particle size decreases the bulk 
density of the powders decreases. This is because powder ad¬ 
sorption capacity increases as the specific surface area of the 
particles increases. 

The DSC study of the physical-chemical processes oc¬ 
curring during heating of the glass powders (Fig. 2) showed 
that the vitrification temperature t of large glass particles 
lies in the interval 750 - 780°C; it is impossible to determine 
t g for particles smaller than 38 pm. The exothermal effects at 
temperatures 940-950 and 1050- 1080°C correspond to 
the precipitation of tialit Al 2 Ti0 5 and monoclinic strontium 
anortite SrAl 2 Si 2 0 8 phases, respectively. The endo effects in 
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Fig. 1 . The results of a dispersion 
analysis of the experimental frac¬ 
tions of glass powders: a) integral 
particle-size distribution curves: 
1 ) < 5 pm; 2)5-10 pm; 3)10- 
20 pm; 4) 20-50 pm; 5) 50 - 
70 pm; 6) 70-10 pm; 7) 100- 
200 pm; b ) model of 4 pm pow¬ 
der particles, length-to-diameter 
ratio 2:3. 



700 800 900 1000 1100 1200 1300 1400 1500 


Temperature, °C 

Fig. 2. DSC curves for glass powders with predominant particle 
size: 1) 164, 2 ) 38, 3) 10 and 4)4 pm. 

the temperature range 1310- 1500°C correspond to soften¬ 
ing of the residual glass phase and successive dissolution of 
the precipitated crystalline phases in it. As the dispersity of 
the powders increases all temperatures shift to lower values. 
X-ray Phase Analysis confirms these date (Fig. 3). After 


TABLE 1. Powder characteristics 


Powder fraction, 
jam 

Dominant particle 
size, pm 

Specific surface 
area, 10 3 m 2 /kg 

Bulk density, 
g/cm 3 

200- 100 

164 

0.0646 

1.54 

100-70 

89 

0.1060 

1.36 

70-50 

64 

0.2610 

1.26 

50-20 

38 

0.5607 

1.18 

20-10 

18 

0.6260 

0.82 

10-5 

10 

1.8490 

0.78 

<5 

4 

3.1158 

0.70 


soaking at 900°C the samples obtained from powders with 
particles larger than 89 pm are amorphous, while for smaller 
powder particles crystallization has already started (Fig. 3 a) 
and is all the more active the greater the dispersity of the 
powder. As the temperature increases the effect of dispersity 
on the phase composition of the material virtually vanishes 
and crystallization is intense in all samples (Fig. 3b). The 
main crystalline phases are monoclinic strontium anortite 
and tialit. It follows that as the particles become smaller crys¬ 
tallization at the initial stage becomes more intense. This is 
effect is strongest for powders with particles smaller than 
4 pm. 

Analysis of the DSC curves showed that as the powder 
dispersity increases the exothermal peaks corresponding to 
precipitation of tialit and monoclinic anortite broaden, and 
the formation heats of phases change (Fig. 4). 

Curves of shrinkage in the temperature interval 
20 - 1500°C (Fig. 5) were obtained for all experimental frac¬ 
tions of glass powders and the compaction rates (first deriva¬ 
tive of the shrinkage) at different stages of sintering (Fig. 6) 
were determined. 

Comparing the DSC data, dilatometric shrinkage curves 
(see Fig. 5) and curves of the shrinkage rate of change in the 
course of heating (see Fig. 6) shows that the samples start to 
sinter above the vitrification temperature t g in the tempera¬ 
ture range 840 - 860°C. The entire sintering interval can be 
divided into three stages: 

stage I) sintering before the first crystalline phase (tialit) 
precipitates; 

stage II) sintering accompanied by simultaneous crystal¬ 
lization of tialit and continuing compaction; this stage is 
completed at the moment anortite crystallization starts; 

stage III) completing sintering, occurring after crystalli¬ 
zation and determined by the softening temperature of the re¬ 
sidual glass phase. 

The experimental fraction interval can be conventionally 
divided into three groups according to the nature of the effect 
of powder dispersity on the amount and rate change (Figs. 7 
and 8) of the shrinkage of the samples: 
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Fig. 3. X-ray diffraction patterns of 
samples having different dispersity 
and heat-treated at 900°C (a) and 
1350°C (b). 
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- large fraction - from 200 to 70 jam; for this fraction 
the shrinkage occurs during the first stage of sintering at tem¬ 
peratures below the onset of tialit precipitation according to a 
purely viscous mechanism and is 7-8.5%; the shrinkage 
rate is 32.4 - 33.6 %/h; 

- medium fraction - from 70 to 20 pm; shrinkage is in¬ 
tense in a wide temperature interval at the sintering stages I 
and II below the precipitation temperature of the second 
crystalline phase Sr-anortite and is 14-15%, reaching a 
maximum for powders with the predominant particle size 
38 pm; for this powder a maximum of the compaction rate is 
observed in both stages; it should be noted that even though a 
crystalline phase precipitates (tialit), the compaction rate at 
the stages I and II changes very little, which could attest to a 
very small increase of the apparent viscosity of the system 
owing to the crystallization of tialit; 

- for the fine fraction (< 20 pm) intensification of crys¬ 
tallization characteristic and leads to an increase of the vis¬ 
cosity of the system and impedes sintering; as a result the 
shrinkage rate and amount at the first two stages decrease 
considerably; sintering is most complete at the final stage af¬ 
ter the glass is completely crystallized. 

DISCUSSION 

Analysis of the data confirms that the dispersity of the 
particles when using powder technology is together with the 
chemical composition and structure of the glass the most im¬ 
portant factor influencing the process of obtaining a com¬ 
pletely sintered glass ceramic with the required phase com¬ 
position [7, 13]. 

The competition between the compaction or crystalliza¬ 
tion processes is determined by the particle size and, corre¬ 
spondingly, the amount of free energy accumulated by the 
powders during comminution and driving the sintering pro- 



Fig. 4. Heat of crystallization of tialit and strontium anortite versus 
powder dispersity. 

cess as well as by the surface area of the glass-powder parti¬ 
cles and their defect density, which determine crystal nucle- 
ation and growth. 

The authors of a number of works [6, 18] indicate that 
the proclivity of glasses to sinter is characterized by the mag¬ 
nitude of the interval between the vitrification and crystalli¬ 
zation onset temperatures t g - t cr . The experimental data ob¬ 
tained in the present work show that the sintering onset tem¬ 
perature f sin for large particles of glass powder (200 - 70 pm) 
lies about 100°C above t g . For smaller particles, as indicated 
above, t cannot be determined from the DSC data because 
there is no endo effect preceding the first exo peak, probably 
because of the heightened crystallizability of fine glass pow¬ 
ders. The limitation of the sintering interval by the crystalli¬ 
zation temperature must also be determined more accurately. 
The results obtained show that it is only for large particles 































































































310 


P. D. Sarkisov et al. 


d L/L 0 , % 



Temperature, °C 



Temperature, °C 


d L/L 0 , % 



Temperature, °C 


Fig. 5. Curves of linear shrinkage during heat (7 ) and DSC ( 2 ) for 
samples with the dispersity of the initial powders: a) 164, b ) 64 and 
c ) 4 pm; t g , t sin , t lcY , t 2cr , t so f ) vitrification, sintering onset, crystal¬ 
lization temperatures of tialit, anortite and softening temperature of 
the residual glass phase, respectively. 


(200 - 70 ]um) that sintering stops with the onset of crystalli¬ 
zation (see Fig. 5 a ). As the fineness of the grinding increases 
it becomes possible for sintering and precipitation of a crys¬ 
talline phase (tialit) to occur concurrently, and it is only with 
the onset of precipitation of the main silicate phase 
(Sr-anortite) that sintering ceases. It follows that the sintering 
interval of the crystallizing glasses should be determined em¬ 
pirically according to the shrinkage curves taking account of 
the rate of heating. 


d L/L 0 , % 



Temperature, °C 


Fig. 6. Curves of the linear shrinkage 1 and change of shrinkage 
rate (first derivative) during heating 2 for a sample with dispersity 
64 pm; see Fig. 5 for abbreviation conventions. 



Stage I 


Stage II 


[2252 Stage HI 



Fig. 7. Shrinkage amount for samples at different sintering stages 
versus the dispersity of the initial powders. 


The dependence of the sintering interval determined 
from dilatometric curves (see Fig. 5) on the particle disper¬ 
sity is presented in Fig. 9 for the glass powders studied in the 
present work. For the large particle fraction of powders with 
average particle size to 89 pm this interval corresponds to 
stage I sintering and it is very narrow, of the order of 65°C 
wide. The degree of sintering reached in this interval is low 
and the removal of residual pores becomes possible only at 
stage III as a result of softening of the residual glass phase. 

Increasing the powder dispersity to 38 pm makes it pos¬ 
sible to increase the width of the sintering interval to 180°C 
as a result of the appearance of stage II at which, as indicated 
above, sintering proceeds simultaneously with the precipita¬ 
tion of the first crystalline phase; the total shrinkage in¬ 
creases to 14.5% (see Fig. 7) and the process proceeds at the 
maximum rate (see Fig. 8). However, just as for large parti- 
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Fig. 8. Rate of linear shrinkage of the samples at different sintering 
stages versus the dispersity of the initial powders. 


cles soaking at stage III is necessary in order to maximize 
compaction. 

For even smaller glass-powder particles (to < 18 pm) the 
sintering interval decreases to 120°C and at the same time 
the shrinkage decreases (to 6%) as does the compaction rate 
(see Fig. 8). The greatest shrinkage occurs mainly at stage III 
near the softening temperature of the residual glass phase. 

The explanation of these results is as follows. Glass pow¬ 
ders sinter according to the viscous flow mechanism and the 
sintering is determined by the surface tension, particle size 
and viscosity of the system. For large particles the dominant 
factor affecting sintering is particle size, with respect to 
which shrinkage is in inverse proportion. For smaller parti¬ 
cles (< 70 pm) the effect of this factor decreases; but, most 
importantly, for 70 - 20 pm particles, sintering continues 
even though tialit precipitates in the temperature interval 
900 - 950°C. This is probably because, as approximate cal¬ 
culations show, the amount of this phase does not exceed 
15% and its precipitation does not greatly affect the composi¬ 
tion of the residual glass phase, which remains enriched with 
the alkaline-earth oxide SrO. In this connection the viscosity 
of the system does not change much, and sintering can con¬ 
tinue in parallel with crystallization. 

For glass powders with particles of such sizes crystalliza¬ 
tion is mainly of a volume character, as is typical for mono¬ 
lithic glass, in which the crystallization catalyst(titanium di¬ 
oxide) plays the leading role, which consists of liquation of 
glass with formation of two glass phases: aluminum titanate 
and strontium-aluminum silicate with precipitation of the 
primary crystalline phase tialit and, as temperature increases, 
monoclinic strontium anortite. 

For still smaller particles (< 20 pm) the crystallization 
process competing with compaction shifts to lower tempera¬ 
tures. This is determined by the fact that for a given particle 
size (< 10 pm) surface crystallization of glass due to the ex¬ 



Particle size, |um 


Fig. 9. Width of the sintering interval versus the dispersity of glass 
powders. 


tended surface and excess surface energy, which the particles 
acquire during comminution, prevails. As a result the tem¬ 
perature interval of sintering stages I and II contracts, which 
sharply decreases the degree of compaction attainable at 
these stages. The fact that the crystallization temperature de¬ 
creases on account of the surface component is indicated by 
the absence of t g on the DSC curves (see Fig. 2) of fine glass 
powders; the broadening of the exothermal peaks in these 
curves shows that surface crystallization makes the predomi¬ 
nant contribution to the total crystallization. The possibility 
of such an interpretation of the broadening of exo peaks is 
also indicated in [10]. The fact that the decrease of the for¬ 
mation heat of crystalline phases (see Fig. 4) with increasing 
dispersity also gets our attention. Because of their active 
crystallization (volume and surface) fine glass powders 
sinter mainly at stage III as a result of the viscous flow of the 
residual glass phase. At this stage of sintering shrinkage 
comprises 12% for powders with 4 pm particles predominat¬ 
ing but no more than 2% for larger particles. 

It should also be noted that the size of the initial glass 
particles also affects the structure of the glass ceramic mate¬ 
rial. As the powder particles decrease in size the structure of 
the fired material becomes more fine-crystalline (Fig. 10). 

The results show that for ceramizing glass compositions 
the particle size becomes determining in the synthesis of 
sintered glass ceramics on the basis of such compositions, 
and the particle-size dependence of the compaction is 
extremal. This means that if grinding fineness must be mini¬ 
mized during ceramic production or sintering of non-crystal¬ 
lizing glass in order to intensify the compaction process, then 
in obtaining sintered glass ceramic based on ceramizing 
glass compositions there exists a near interval of dispersity 
where the sintering process at the initial stage prevails over 
crystallization and subsequently can proceed concurrently 
with precipitation of a crystalline phase, but this depends on 
its composition and amount. 

The present work has established that in non-isothermal 
sintering of strontium-anortite glass powders with titanium 
dioxide as the crystallization catalyst maximum compaction 
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Fig. 10. Electron microscope images of samples with initial-pow¬ 
der dispersity 64 pm (a) and 4 pm (b ), fired at 1350°C. 


is reached for powders with dispersity 20-50 pm and domi¬ 
nant particle size 38 pm. Heat-treatment is best done in four 
steps: the temperatures at the first two and last steps must 
correspond to the temperatures of the maximum shrinkage 
rate at these three stages; prior to the last stage of isothermal 
soaking there must be a temperature stage that corresponds 
to the maximum rate of precipitation of the dominant silicate 
phase that determines the working characteristics of the 
sintered glass ceramic. 

Following the recommendations made here, for the 
strontium-aluminum-silicate glass powder studied with opti¬ 
mal dispersity 20-50 pm heat-treatment was conducted 
with soakings at 900, 1020, 1180 and 1350°C with heating 
rate 5 K/min. The indicators of the material obtained were 
better than those of previously sintered materials [17]; the 
material was characterized by open porosity 0.3%, relative 
density 96%, bending strength 130 MPa and microhardness 
9600 MPa. 

CONCLUSIONS 

In summary, it has been shown here that the particle size 
of initial glass powders strongly affects the sintering process 
and the amount, rate and temperature interval of shrinkage. 
For ceramizing glass compositions there exists a narrow in¬ 
terval of dispersity for the powders which can be used to ob¬ 
tain densely sintered materials with the required phase com¬ 
position and high mechanical properties using a multistep 
heat-treatment regime. 
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